ABSTRACT: The timing of larval release and the cues that control these rhythms (tidal, diurnal, or lunar cycles) were studied over a 2 mo period in the cirripeds Pollicipes pollicipes, Balanus spp. and Chthamalus spp., occurring on an exposed rocky shore in NW Spain. All of them showed rhythms of larval release, but the rhythms were different in each species. Chthamalus spp., which principally inhabit the upper intertidal zone, released their larvae mainly during diurnal high tides at the time of new and full moons. Larval release was greater during the afternoon than during the morning, because the amplitude of afternoon high tides was significantly higher than that of morning high tides. P. pollicipes larvae were released at morning high tide during waning moon and, to a lesser extent, during full moon. Nauplii of Balanus spp. were released during new and waning moons; almost no release occurred during full moon, and no larvae were found during the waxing moon, mainly during diurnal high tides. P. pollicipes and Balanus spp. usually began to release larvae after sunrise, which may be the factor inducing synchrony. In contrast, Chthamalus spp. released larvae at any time of day, but always coinciding with high tide, indicating that seawater may be the cue that triggers larval release in this species. Although larval release should occur during safe periods (e.g. night-time) in species such as those under study, with small unprotected colored larvae that are visible to predators, almost no larvae of any of the 3 cirripeds were found at night. Cirriped Nauplius I larvae respond positively to light, allowing larvae to travel upwards in the water column, away from congeners that could incidentally ingest their own larvae, and are transported offshore away from predators, which are more abundant close to the shore. At night this photopositive behavior does not take place, and thus the synchrony in the emission of larvae during daytime induces larval aggregation, which may increase larval survival because of the swamp effect over predators.
INTRODUCTION
Reproductive synchrony is prevalent among marine invertebrates, as has been demonstrated in sponges (e.g. Hoppe & Reichert 1987 , Amano 1988 , Mariani et al. 2001 , corals (e.g. Babcock et al. 1986 ), polychaetes, mollusks (e.g. Korringa 1947 ), decapod crustaceans (e.g. Forward 1987) , echinoderms (e.g. Pearse 1975 , Lessios 1991 and ascidians (Olson 1983) . The selective factors that synchronize reproduction differ among marine animals (revised by Pearse 1974 and Kanatani 1987) , although the majority reproduce by environmental cycles generated by movements of the earth (circadian rhythms, approximately 24 h) and moon (circatidal rhythms, usually about 12.4 h, but sometimes about 22.48 h, and circasemilunar rhythms, about 14.8 d) that occur with predictable regularity.
In marine intertidal species, reproduction is timed so that larvae are released into the water when conditions are optimal for transportation and survival (Morgan 1995) . Synchronous reproduction may minimize predation on larvae because they will be released (1) when predators are absent or not feeding ('the avoidance hypothesis'), as has been demonstrated in crabs (review in Morgan & Christy 1997) , or (2) when they are so abundant that predators are sated, thereby increasing the probability of survival of each larva ('the swamping hypothesis') (Ims 1990) . Moreover, the rhythmicity of larval release strongly affects the transport and dispersal of larvae of coastal and estuarine decapods (Christy & Stancyck 1982) ; thus, the timing will affect not only larval mortality, but also recruitment of larvae to populations (Queiroga et al. 1994) .
Larval release in decapod crustaceans has been widely investigated (see Christy 1982 , Forward 1987 , Morgan & Christy 1995 , and the timing of larval release has usually been found to be related to the tide (occurring around high tide), time of the day (mainly occurring in the first half of the night) and lunar phase (mainly at new and full moon); nevertheless, exceptions to these general patterns have been observed (Morgan 1996 , Morgan & Christy 1997 . However, while settlement in cirriped crustaceans has been widely studied worldwide (e.g. Barnes & Powell 1950 , Hawkins & Hartnoll 1982 , Kendall et al. 1982 , 1985 , Hills & Thomason 1996 , O'Riordan et al. 1999 , Cruz 2000 , Power et al. 2001 , larval release has received less attention (but see H. Barnes 1957 , 1962 , Cawthorne & Davenport 1980 , M. Barnes 1989 , Starr et al. 1991 , Walker 1992 .
Several methods have been used to determine the timing of larval release by marine invertebrates in natural populations. Larval release may be observed directly in the field; this has been carried out for semiterrestrial crabs that walk to the water to release larvae (e.g. Saigusa 1982 ) and for subtidal ascidians (e.g. Olson & McPherson 1987) . However, direct observations are not possible for marine invertebrates that hatch small larvae at night in turbid or turbulent waters. Under these conditions, the timing of larval release can be determined by caging egg-bearing females and observing when they release their egg masses (e.g. Gove & Paula 2000) . The most common methods applied in the field include periodically collecting young larvae from the plankton (e.g. Paula 1989 , Queiroga et al. 1994 , Drake et al. 1998 or sampling females from natural populations to monitor egg development (e.g. De Vries & Forward 1989 , Gove & Paula 2000 , although these methods are somewhat imprecise.
Pollicipes pollicipes, Chthamalus montagui and Balanus perforatus (Crustacea: Cirripedia: Thoracica) are common inhabitants of the exposed and semi-exposed intertidal rocky shores of Galicia (Atlantic coast of the Iberian Peninsula). The barnacle P. pollicipes is present in the low-and mid-intertidal zones of this rocky shore. B. perforatus is very abundant in the low-intertidal zones and the first few meters of subtidal levels, whereas C. montagui inhabits the high-and mid-intertidal zones. Another species of this latter genus, C. stellatus, is also present on the Galician coast, although it is very sparse in the exposed intertidal zone and more abundant in sheltered localities. This distribution pattern of both species of Chthamalus is opposite to that described for the British coast, where C. stellatus occupies exposed rocky shores and C. montagui sheltered localities (Southward 1976) . In addition to B. perforatus, the species B. crenatus has also been described from the Galician coast, although it is very rare and inhabits the subtidal zone.
The aim of the current study was to determine the predictability of rhythms of larval release in exposed rocky shore barnacles and to examine the possible cues that control the rhythms: diurnal, tidal and lunar cycles.
MATERIALS AND METHODS
Collection and maintenance. Sampling was carried out at Cabo Couso (42°15.0' N, 8°52.30' W), a very exposed rocky shore in Galicia (NW Iberian Peninsula) (Fig. 1A) . This coast is characterized by semidiurnal mesotides, with a tidal range of almost 4 m. The (C) Filters on which larvae were retained sampling site was located 5 m from the water's edge (Fig. 1B) , where the depth during low spring tides was 0.5 m. The sampling site has a very irregular topography, with many rocky boulders where waves break, generating strong turbulence and water currents flowing in and out through channels among the boulders (Fig. 1B ). Samples were collected over a 2 mo period (August and September 2001), when cirriped larvae were abundant in the plankton (G. Macho et al. unpubl. data) and mature adults were found on the rocky shores (mean of adults with ovisacs for both months was 15% for Balanus perforatus, 50% for Chthamalus montagui and 70% for Pollicipes pollicipes).
Larvae were sampled on 3 consecutive days in each lunar phase, beginning at 20:00 h and finishing at 20:00 h 3 d later. Larvae were collected using a modified SIGMA 900 LITE peristaltic automatic pump fitted with 24 filters (Fig. 1C) . The pump floated on the surface of the water, and water was collected through a hose from a depth of 0.5 m. Seawater was pumped for 10 min every 2 h. The hose was purged completely between samplings. The pumping outflow was calibrated before the start of the experiment so that each 10 min of pumping corresponded to filtering of 40 l of water. This volume was the maximum filtration capacity of the pump. However, because of technical problems, a few samples did not comprise 40 l (min.: 33 l, max.: 42 l), and, in such cases, the larval abundance was adjusted to 40 l. The outflow was filtered through a 100 µm mesh from which zooplankton was collected.
The fact that pumping was carried out in very shallow water may have led to underestimation of the larval abundance if the larvae stayed close to the bottom. However, the water column at the study site is well mixed due to the turbulence caused by strong waves. Moreover, we did not find any correlation between the number of larvae collected and the height of the waves or the wind speed. We thus assumed that densities of Nauplius I and II stages collected by the pump reflected the magnitude of larval release.
Larvae were identified and categorized by stages. For larval classification the following descriptions were used: Norris & Crisp (1953) for Balanus perforatus, Pyefinch (1948) for B. crenatus, Burrows et al. (1999) for Chthamalus montagui and C. stellatus, and Bassindale (1936) and Pyefinch (1948) for Verruca stroemia. In estimating larval release we counted Nauplius I and II stages. We included Nauplius II because the first stage only lasts for a few hours and some larvae may metamorphose to the Nauplius II stage between being collected and being transported to the laboratory, where they were fixed in 4% buffered formalin in seawater.
Data analysis. Rough seas sometimes prevented sampling, usually during new and waxing lunar phases in August (Table 1) . Hence, to standardize the number of samples for the study of lunar patterns of larval release, we analyzed data corresponding to 1 complete 24 h cycle during the central day of each lunar phase in September. A G-test for goodness-of-fit for > 2 classes (Sokal & Rohlf 1995) was applied to the percentage of Nauplius I/II larvae found at each lunar phase. Larval abundance at low and high tide during the daytime or during the night was also analyzed by a G-test for goodness-of-fit for > 2 classes. 
RESULTS

Larval stage composition
A total of 5254 cirriped crustacean larvae were collected during the study. The larvae were categorized into 2 species (Pollicipes pollicipes and Verruca stroemia), 2 genera (Balanus spp. and Chthamalus spp.), and 7 larval stages (Nauplii I to VI and cypris). Nauplius I and II larvae predominated and represented 97.24% of all individuals collected. Only 18 (0.34%) later nauplius larval stages (Nauplii III to VI) and 127 (2.41%) cypris larvae were identified. Chthamalus spp. were the best represented, with a total of 4611 (87.75%) Nauplii I and II and 104 (1.98%) cypris larvae. The percentages of early nauplius larvae of Balanus spp. and P. pollicipes were 4.49 and 4.32%, respectively. Only 9 P. pollicipes cyprids and 13 Balanus spp. were found. Larvae of V. stroemia represented just 0.61% of the total number of larvae captured, and, because of its low abundance and subtidal habitat, this species was not included in the analysis.
Lunar patterns of larval release
Timing of larval release relative to the lunar cycle did not occur randomly in the 3 species but rather was precisely timed, coinciding with lunar phases. In September, larvae of Pollicipes pollicipes were mainly released during waxing and full moons (Fig. 2A ) (Gtest p < 0.005), whereas release of Chthamalus spp. larvae occurred during full and new moons, corresponding to the spring tides (G-test p < 0.001) (Fig. 2B) . Nauplius I to II larvae of Balanus spp. were more abundant during new and waning moons (G-test p < 0.001) and were sparse or absent during full and waxing moons, respectively (Fig. 2C) .
Time of the day and tidal patterns of larval release
Larval release did not occur randomly throughout the day and the tidal cycle. Most nauplii of all 3 species were released when high tide occurred during the day (G-test p < 0.001 for all 3 species) (Fig. 3A) . Several peaks that followed a fairly consistent pattern occurred, although this pattern differed in each species.
Larval release of Pollicipes pollicipes mainly occurred during high tide, especially morning high tides (G-test p < 0.001, Figs. 3B & 4) . Very few larvae were observed during the afternoon high tide and after sunset.
There was a clear tidal pattern of larval release in Chthamalus spp., with a strong peak during diurnal high tides (G-test p < 0.001, Fig. 3 ). Few larvae were collected during low spring tides, although some were found during the entire tidal cycle, even during low tides of lower amplitude (Fig. 5) . Almost no larvae were collected during the night (Figs. 3A & 5) .
Very few larvae of Balanus spp. were collected; thus, the results are inconclusive. Significant larval release occurred at sunrise (Fig. 6) , followed by less intense release throughout the entire tidal cycle until sunset, when it stopped (only 10 larvae were found during the night). Most larvae were released during high tide (G-test p < 0.001, Fig. 3 ). 
DISCUSSION
Hatching should occur when phase relationships between the tides, the light/dark cycle and tidal amplitude are most favorable for larval survival (Kellmeyer & Salmon 2001) . The barnacles Chthamalus spp., Pollicipes pollicipes and Balanus spp. showed rhythms of larval release that differed in each species. Nauplii of Chthamalus spp. were mainly released during diurnal high spring tides (new and full moon) or at morning high tides during a waning moon. This species requires high tides to release its larvae, because it mainly occurs in the upper intertidal zone, and adult populations spend most of their time out of the water. Furthermore, larval release was greater during the afternoon than during the morning, because the amplitude of afternoon high tides was significantly higher (Mann-Whitney U-test, p = 0.007) than that of the morning high tides. Several synchronous hatching periods during the reproductive season of Chthamalus montagui and C. stellatus have already been suggested (Kendall & Bedford 1987 , Burrows et al. 1992 , although the triggering factor was not specified.
Pollicipes pollicipes larvae were released at morning high tide during the waning moon and, to a lesser extent, during full moon. Until now the only available information about hatching of this species was inferred from calculations of the percentage of embryos in late developmental stages, which indicated asynchronous larval release in the southwest of Portugal (Cruz 2000) . Nauplii of Balanus spp. were released during new and waning moons; almost no release occurred during full moon, and no larvae were found during the waxing moon. Release occurred mainly during diurnal high tide, although larvae were also collected during low tide, probably because of the location in the lower level of the intertidal zone, which is only exposed for a short period during any tide.
Crab larvae that hatch during the largest amplitude lunar or semi-lunar tides are transported at maximum velocities, by ebb currents, from shallow to deeper waters, where the risk of predation is reduced (Christy 1982 , Christy & Stancyk 1982 , Morgan 1987 ). The species under study showed a different behavior pattern: Chthamalus spp. released its larvae during spring tides; thus, despite being released during the day, larvae would rapidly be washed away from the coast. In fact, the most abundant larval stages of the 3 species at the sampling site were Nauplii I and II, and only 0.34% were later nauplius stages (III to VI), indicating that larvae were washed away from the coast after release. The larvae may thus be dispersed very quickly and avoid predation, since in coastal environments the density of planktivorous fishes decreases with increasing distance from the shore (review Morgan 1986) . Similar behavior was observed in the larvae of the New Zealand cirriped Chamaesipho brunnea; this species releases its larvae during spring tides and storms, whereas larvae do not hatch during neap tides and calm weather, despite being ready (Luckens 1970) .
Pollicipes pollicipes and Balanus spp. usually began to release larvae after sunrise. According to Paula (1989 Paula ( , 1993 and Saigusa & Kawagoye (1997) , sunset and sunrise are the only perceptible phenomena that could induce synchrony. In contrast, Chthamalus spp. released larvae at any time of the day, but always coinciding with high tide, indicating that seawater may be the cue that triggers larval release in this genus. Christy (1986) suggested that larval release would not need to be synchronized with high spring tides in crabs that inhabit intertidal exposed shores, because they would not require higher amplitude tidal currents to disperse their larvae. This author further suggested that the adaptive value of larval release in maximumamplitude tides is restricted to estuarine zones. This may also be true for the other 2 species that inhabit the middle and lower intertidal zone, but not for species that inhabit the upper intertidal zone. Despite the fact that larval release should occur during safe periods such as night-time and during higher amplitude and high tides (Morgan 1995) , when survival of larvae is enhanced, almost no larvae (only 21 out of 5100 early nauplii) of the 3 cirripeds under study were found at night, independent of the tide or the moon. Cirriped Nauplius I larvae respond positively to light, allowing larvae to travel upwards in the water column, away from congeners that could incidentally ingest their own larvae -as has been demonstrated for Semibalanus cariosus (Navarrete & Wieters 34  32  30  28  26  24  22  20  18  16  14  12  10  8  6  4  2  0   34  32  30  28  26  24  22  20  18  16  14  12  10  8  6  4  2  0   34  32  30  28  26  24  22  20  18  16  14  12  10  8  6 In the absence of light at night this photopositive behavior would obviously not take place. We do not believe that this conclusion is a sampling artifact due to pumping water from a depth of 0.5 m. If this were so, at low spring tides when the hose was pumping very close to the bottom (1 m depth), larvae would be collected at night, and this never happened.
Most crab species release their larvae during the night, and those that hatch during the day have inconspicuously colored larvae that are not visible to predators (Morgan & Christy 1997) and that are often large and well defended. Nauplius I of Pollicipes pollicipes, Chthamalus spp. and Balanus spp. are orange (due to the presence of the yolk sac), do not have spines for defense and are small (204 to 279 µm), and would therefore be very vulnerable to predators (Morgan & Christy 1997) . Despite the fact that planktivorous fish feed during the day, thus creating greater pressure for night hatching, larvae should be released during the daytime because of their photopositive behavior, and therefore the synchrony in the emission of larvae by the releasing population, which induces larval aggregation, would increase larval survival because of the swamp effect over predators (Lobel 1978 ). This appears to be particularly true for Chthamalus spp.
Complex shifts in the timing of tides relative to light/dark and lunar cycles may cause considerable intraspecific variation in larval release. A clear understanding of the relationships among environmental cycles is necessary in studying the plasticity in the timing of larval release. 
